ABSTRACT: Industrial poly(vinyl chloride) (PVC) plastisols are often formulated using phthalate plasticizers due to their costeffectiveness and high compatibility with PVC. However, there is a current need to replace these additives by plasticizers that (i) present reduced migration/leaching and volatilization profiles, (ii) can optimize production processes while maintaining the performance of the final plasticized materials, and (iii) reduce toxicological risks to consumers and to the environment. The main objective of this work was to evaluate the effects of the partial replacement (15 and 30% (w/w)) of two conventional plasticizers (diisononyl phthalate (DINP) and acetyltri-2-ethylhexyl citrate (CITROFOL AHII)) by two low-volatility ionic liquids of the phosphonium-type (trihexyl(tetradecyl) phosphonium dicyanamide and trihexyl(tetradecyl) phosphonium bis-(trifluoromethylsulfonyl)imide) on the rheological and thermomechanical properties of an emulsion-grade PVC which is usually employed in the production of automotive industry upholsteries. Rheological profiles and plastisols' particle size distributions were monitored over time (up to 14 days) to study the effects of plastisols aging on the thermal stability and thermomechanical properties of PVC films obtained after gelation of the plastisols. Obtained results showed that the incorporation of these two phosphonium-type ionic liquids into DINP-and CITROFOL-based PVC plastisols significantly reduced their viscosities and changed their rheological profiles (from pseudoplastic to near-Newtonian behavior). Plastisols aging had a noticeable impact on the final thermomechanical properties of PVC films plasticized with DINP while no significant effects were observed for films plasticized with CITROFOL. These results are in good agreement with the correspondent timedependent rheological profiles.
■ INTRODUCTION
Flexible poly(vinyl chloride)-based (PVC-based) materials are used for diverse applications which include packaging, coating, biomedical devices, artificial leather, and automobile upholsteries/finishes (e.g., carpets, seats, headliners, dashboards, and door and instrument panels), among others. These flexible materials are obtained by gelation of plastisols which consist in the dispersion (suspension) of fine particles of emulsion PVC (E-PVC) into liquid plasticizers (typically 50−60% E-PVC/ 50−40% plasticizer, wt/wt). Other additives such as thermostabilizers, fillers, and/or pigments can also be added to the formulation depending on the envisaged final application. 1−3 During this process, which is one of the most commonly employed methods in industry, 4 PVC particles are first solvated and swollen by the plasticizer and then processed by melting, molding, dipping, or casting, to obtain the final flexible product. 1, 5, 6 Plastisol processing conditions are largely dependent on its rheological behavior which in turn depends on the PVC particle size and size distribution (before and after swelling), solids concentration, processing temperature, and plasticizer type/amount. 7−12 Plasticizers are low/medium molecular weight compounds that reduce the glass transition temperature (T g ) of a given polymer by breaking interchain dipole interactions and increasing the free volume between the polymer chains. 2 Different plasticizers may interact differently with E-PVC particles leading to the formation of swollen particles with different sizes, structures, distribution profiles, and agglomeration tendencies. These properties will ultimately impact the rheological and the processing behavior of the plastisols as well as the thermomechanical properties of the processed polymer. 3, [5] [6] [7] 13, 14 Phthalates such as di(2-ethylhexyl) phthalate (DEHP), diisononyl phthalate (DINP), and diisodecyl phthalate (DIDP) are among the most commonly used PVC plasticizers. 15, 16 However, phthalates interact weakly with PVC chains and present relatively high volatility which leads to plasticizer migration and diffusion from the polymer matrix, with consequent decrease of the thermomechanical performance of the polymer, 17 and general increased concern regarding toxicity and human health risks. 18, 19 As an example, the U.S. Environmental Protection Agency (EPA) for the automotive industry is demanding a significant reduction of the amount of volatile organic compounds (VOCs) emitted from car interior components (to avoid fogging) as well as of the amount of plasticizers that migrate and are lixiviated after contact of the plasticized PVC-based materials with skin and topically applied creams, sun light protectors, and so on.
Several alternatives have been proposed to substitute phthalate-based plasticizers as is the case of the phthalateinspired molecules diisononyl cyclohexane-1,2-dicarboxylate (DINCH) and diisononyl cyclohex-4-ene-1,2-dicarboxylate (Neocizer). 20 These molecules proved to slightly delay the gelation of PVC plastisols and decrease plasticizer migration, thus improving the stability of the processed PVC. Among nonphthalate plasticizers, low molecular weight (e.g., citrates, trimellitates, adipates, azelates, and cyclohexane derivatives, etc.) and polymeric additives (elastomers and polyesters) have also been used to plasticize PVC. 18 Recently, biobased plasticizers such as tri-2-ethylhexyl citrate (CITROFOL) were considered promising greener alternatives obtained from biodegradable and renewable sources and with low toxicity. 21−24 Despite the mentioned advantages these alternatives still present some drawbacks such as high viscosity and migration/exudation, low compatibility, and low plasticization efficiency. 24, 25 Ionic liquids (ILs) present a set of interesting properties, in particular their high thermal stability, low flammability, and negligible volatility, 26−28 that led them to be tested as new effective plasticizers for PVC. Previously reported literature data showed that ammonium-, imidazolium-, and phosphoniumbased ILs are able to successfully decrease the T g of PVC and improve its thermal stability. 29−33 Moreover, and although ammonium-and imidazolium-based ILs have presented good plasticizing results, quaternary phosphonium cations (PhILs) have higher thermal and chemical stability. 29−35 They also have higher molar volumes and tunable hydrophobicity, that can be achieved by combining the hydrophobic phosphonium cation with anions with different hydrophilicities (such as chlorine or bis(trifluoromethanesulfonyl) imide). These properties allow PhILs to (i) increase PVC interchain free volume and improve plasticization; (ii) retard plasticizer migration, since diffusion of larger ions through/from the bulk of the matrix is hampered; and (iii) potentiate plasticizer−PVC miscibility, which reduces the risk of plasticizer migration and improves the homogeneity of the plasticized materials.
PhILs alone have already been successfully used as biocompatible PVC plasticizers, 30 however, and so far, they were incorporated at maximum amounts of 20% and 30% (w/ w) before being processed by film casting 33 and hot-melt extrusion, 31 respectively. Higher incorporated amounts led to PhIL exudation most probably due to their relatively high viscosity 37 that may make difficult their diffusion into PVC particles. This feature may limit the use of PhILs to prepare plastisols and consequently limit their broader industrial application as plasticizers. To overcome this issue, and simultaneously benefit from the advantages of using ILs, partial substitution of conventional plasticizers by ILs should be considered. Therefore, the aim of this work was to study the influence of the partial substitution of diisononyl phthalate (DINP) and acetyltri-2-ethylhexyl citrate (CITROFOL AHII) by PhILs, namely, trihexyl(tetradecyl)phosphonium dicyanamide ([P 6, 6, 6, 14 ] [dca]) and trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)imide ([P 6, 6, 6, 14 ] [Tf 2 N]), on the rheological behavior and on the particle size distributions of E-PVC-based plastisols, as well as on the thermomechanical properties of the films obtained after gelation of those plastisols. The selection of these PhILs in particular, over the large number of available possibilities, is justified by their already demonstrated higher thermal stability, low tendency to lixiviate into water and saline solutions (below 1.5% in buffer and 2% in water for both PhILs), and very low toxicity against human cells. 30 Plastisol aging effects were also accounted for by studying those properties for fresh and aged (stored up to 14 days) plastisols. This information is crucial for companies that process PVC-based materials and which are facing tight legislation that demands the substitution of traditionally used plasticizers by new nontoxic and nonvolatile alternatives (e.g., Table 1 . n-Heptane (purity > 99%) and acetone (purity > 99%) were obtained from JoséM. Vaz Pereira SA, Sintra, Portugal and Sigma-Aldrich, Sintra, Portugal, respectively. All chemicals were used as received and without further purification.
2.2. Preparation of E-PVC Plastisols and Corresponding Flexible Films. Plastisols samples were prepared at room temperature by mechanical stirring (Janke & Kunkel GmbH & Co. HG, IKA-Werk, RW 24 basic, Staufen, Germany) of all components (150 parts of plasticizer per 100 parts of polymer) at 25 rpm for 2.5 h. The total plasticizer amount considers the use of conventional plasticizer alone or its mixture with PhILs (15% and 30% (w/w)). The compositions of the prepared plastisols are given in Table S1 as Supporting Information.
After stirring, the homogeneous mixture was vacuumed for 1 h at 1 mbar to eliminate entrapped air. The aging of the plastisols consisted of the storage of the samples in silica gel at ambient conditions (temperature ∼ 20°C) up to 14 days. Aging was monitored by rheological and particle size distribution measurements at different time intervals between "0" and "14" days (0, 0.2, 1, 2, 7, and 14 days) after plastisol preparation. Each sample was coded as conventional plasticizer/PhIL/weight percentage of conventional plasticizer that was substituted by PhIL. [P 6, 6, 6, 14 ] [dca] and [P 6, 6, 6, 14 ] [Tf 2 N] were identified as Ph-DCA and Ph-Tf 2 N, respectively. For instance DINP/Ph-DCA/15 refers to an E-PVC formulation plasticized with 85 wt % DINP and 15 wt % Ph-DCA over the total plasticizer amount used (60 wt %).
Flexible E-PVC films with a thickness of 1 mm were obtained for each formulation, at t = 0 and t = 14 days, by spreading the plastisol over a preheated special support paper (VERSAKOTE release paper) and heating in a ventilated oven at 210°C for 1 min.
2.3. Characterization Methodologies. 2.3.1. PVC Powder Properties. The molecular weight (Mn GPC ) and polydispersity (PDI) of PVC VICIR 1970P were measured using high-performance gel permeation chromatography (HPSEC). The column set consisted of a PL 10 μm guard column (50 mm × 7.5 mm) followed by one Viscotek T200 column (6 μm), one MIXED-E PL gel column (3 μm), and one MIXED-C PL gel column (5 μm). A high-performance liquid chromatography (HPLC) dual piston pump (Kanuer K-1001) was set with a flow rate of 1 mL/min. The eluent (tetrahydrofuran) was previously filtered through a 0.2 μm filter. The system is also equipped with a Kanuer online degasser. Measurements were performed at 30°C using an Elder CH-150 heater. Before injection (100 μL), the sample was filtered through a poly(tetrafluoroethylene) (PTFE) membrane with 0.2 μm pore. The system was calibrated with polystyrene (PS) standards. Mn GPC and PDI were obtained by Universal Calibration (the viscosity was measured directly by the viscometer detector) using the OmniSEC software version 4.6.1.354.
The density (g/cm 3 ) of the E-PVC solid particles was measured by helium pycnometry (Accupyc 1330 Micromeritics, Micromeritics Instrument, Norcross, GA, USA). The average surface charge of solid particles (dispersed at 1% (w/w) in Milli-Q water) was measured by electrophoretic light scattering using a Zetasizer Nano ZS (Malvern Instruments, Malvern, U.K.). Results are presented as an average of at least three measurements. The particle size distribution of PVC powder was measured by laser diffraction spectroscopy (LDS; Mastersizer 2000, Malvern).
2.3.2. Plastisol Gelation. Plastisol gelation was analyzed using the acetone immersion test following the ASTM D2152 standard. 36 Samples of E-PVC gelled films (2 cm × 3 cm) were completely immersed in acetone for 45 min. If the samples disintegrate after this period, it can be concluded that the plasticized PVC matrix was not effectively gelled.
2.3.3. Rheological Measurements. Rheological properties were measured using a controlled stress rheometer (Model RS1, Haake, Vreden, Germany) with a cylindrical sensor system Z34 DIN connected to a thermocontroller recirculation bath (Haake Phoenix II). Temperature was set constant at ±23°C. Flow tests were performed for different aging times (0, 0.2, 1, 2, 7, and 14 days). The rheometer worked in controlled stress mode, and the shear rate was varied between 0.5 and 30 s −1 using 50 mL of plastisol in each test. Results are presented as the average of at least three measurements for each sample.
2.3.4. Particle Size Distribution of the E-PVC Particles in Plastisols. The particle size distributions of the E-PVC plastisols were measured by LDS using a Mastersizer 2000 (Malvern). Plastisol samples were dispersed at 1% (w/v) in nheptane following a previously reported procedure. 6 Particle size measurements were carried out without and with ultrasound (displacement (5 kHz)/time (15 s)). LDS results are presented as the average of at least three measurements for each sample. Measurements were performed for plastisols formulated only with DINP or CITROFOL and with 15 wt % of each PhIL (at higher PhIL amount the formulations do not disperse in n-heptane).
2.3.5. Thermomechanical Stability. The thermal stability of film samples obtained from fresh plastisols (t = 0 days) and after aging for 14 days was analyzed by mass loss measurements (TGA) using a thermogravimetric analyzer (TA Instruments, Q500, Newcastle, DE, USA). Experiments were carried out from room temperature to 600°C, at 10°C/min under dry nitrogen atmosphere (40 mL/min). Dynamic mechanical thermal analysis (DMTA) was employed to evaluate the effect of the plasticizer mixtures and plastisol aging on the mechanical properties of the processed films. Measurements were performed using the constrained layer damping mode at 1, 5, and 10 Hz and with a displacement of 0.05 mm using Triton equipment (Tritec 2000, Watford, U.K.). The temperature profile was obtained at 2°C/min (from −150 to 110°C) with a time delay of 1 s. Measurements were performed for films plasticized only with DINP or CITROFOL and for films formulated with 15 wt % of each PhIL. ), aging is more pronounced for samples formulated with DINP (shear stress ranges between 38 and 90 Pa) when compared to CITROFOL (shear stress ranges between 28 and 45 Pa). This effect is more evident after storage of the plastisol for 7 days where slightly higher hysteresis (typical for pastes) also occurs, confirming the thixotropic behavior of the DINPbased formulation. Both plastisols behave as pseudoplastic (or shear thinning) fluids, and this behavior is more pronounced after aging, mainly for DINP-based plastisols. Moreover, both plastisols present an initial yield stress that indicates the presence of intermolecular particle−particle and particle− plasticizer interactions (van der Waals forces, dipole−dipole interactions, hydrogen bonds, and electrostatic interactions). This means that these plastisols will only flow when the applied external stress overcomes those intermolecular forces, which in this study are higher for the PVC−DINP system (higher initial yield stress). This result indicates that stronger interactions are established between PVC and DINP which justifies its wider use as PVC plasticizer. An efficient plasticizer must interact strongly with the polymer. As a general rule, structural similarity (similar solubility parameters) favors solubility/ miscibility. According to the definition of the Gibbs free energy of solution a compound will be a good solvent for a particular polymer when ΔG, calculated from eq 1, is negative:
where ΔH is the enthalpy of mixing (J), ΔS is the entropy of mixing (J/K), and T is the absolute temperature (K). For an amorphous polymer the entropy of solution is small but positive. Therefore, the sign of ΔG depends on the magnitude of ΔH which can be calculated from the Hildebrand equation:
where ϕ s and ϕ p are the volume fractions of the solvent and polymer, respectively, and δ s and δ p are their respective solubility parameters. The enthalpies of mixing calculated for plastisols formulated with CITROFOL are almost twice those calculated for DINP, which confirms favorable PVC-DINP interactions (Table S1 , Supporting Information). The influence of PhILs on the flow curves of the plastisols is shown in Figure 2 . In both cases there is a clear change in the flow curve profiles which present a Newtonian-like behavior after PhIL incorporation, this effect being more pronounced when using Ph-DCA as plasticizer substitute. In the case of plastisols formulated with DINP, both PhILs decrease shear stress by almost 55% (Ph-DCA) and 30% (Ph-Tf 2 N) with no significant influence of the PhIL substituted amount. In the case of plastisols formulated with CITROFOL, only Ph-DCA led to a decrease in the shear stress by almost 50% (effect similar to that described for formulations with DINP) and also with no significant dependence on the PhIL substituted amount. On the contrary, partial substitution of CITROFOL by Ph-Tf 2 N does not alter (at 15% (w/w) substitution) or only slight increases (∼20% at 30% (w/w) substitution) the plastisol shear stress.
Aging of DINP-and CITROFOL-based plastisols was also analyzed, and the results are presented in Figure 3 in terms of changes in the limit viscosity (viscosity at the highest shear rate) of the plastisols. As expected, viscosity follows the tendency previously observed for the flow profiles: DINP-based plastisols are significantly more sensitive to aging and present higher viscosity than CITROFOL-based ones. This is an interesting result considering the higher viscosity of pure CITROFOL when compared to DINP (Table 1 ) and also the fact that a lower amount of CITROFOL is incorporated in those formulations (in molar terms, based on the molecular weight of the plasticizers given in Table S1 , Supporting Information). An increase in the plastisols viscosity with time is a known and previously reported behavior 1,6,8−14 and indicates that the plasticizer starts to break particles' agglomerates and to swell those particles. Therefore, the higher viscosity changes observed after aging for the DINP-based formulations also confirm the higher DINP−PVC affinity. The presence of PhILs significantly decreases the viscosity of both plastisols, except when Ph-Tf 2 N is used to partially substitute CITROFOL. Plastisols formulated with Ph-Tf 2 N always present higher viscosities (at 15 and 30% (w/w) substitution) when compared with Ph-DCA despite it being incorporated at a lower amount (in molar terms). Aging effects are more pronounced when using Ph-Tf 2 N for both DINP-and CITROFOL-based plastisols probably due to the higher molecular weight of this PhIL ( Table 1 ) that may make difficult its diffusion and incorporation into the E-PVC particles.
Overall, the rheological behavior of the studied plastisols seems to indicate that PhIL incorporation into the formulations simultaneously decreases the flow resistance and the viscosity of the plastisols which may represent a significant advantage for plastisol processing. These results are also in agreement with the calculated mixing enthalpies for the PVC−plasticizer−PhIL formulations (Table S1 , Supporting Information). Results show that both PhILs enhance the compatibility of the PVC− (plasticizer + PhIL) mixtures with a consequent decrease in their mixing enthalpies when compared to formulations prepared without IL. This means that the presence of PhILs affects (favorably) the type and intensity of PVC−plasticizer interactions. Moreover that influence seems to be dependent on the type/strength of the DCA/Tf 2 N−PVC or even DCA/ Tf 2 N−plasticizer interactions since lower mixing enthalpies were calculated for formulations prepared with Ph-DCA when compared to Ph-Tf 2 N.
It is important to note that the mixing enthalpies of the PVC−plasticizer−PhIL system were calculated by using PhILs' solubility parameters obtained from viscosity data for the pure PhILs.
38 This is a commonly used method to calculate solubility parameters of low-volatility compounds (as in the case of PhILs), for which it is difficult or even impossible to obtain those parameters from enthalpy of vaporization data. The advantage of this method is that it permits one to express the cation−anion and ion-pair interactions of the pure IL instead of IL−solvent interactions given by other approaches. 39 However, it only considers polar interactions, such as dipole− dipole, hydrogen-bonding, and Coulombic interactions, which are the ones that dominate viscosity related interactions. Therefore, these solubility parameters do not take into account the dispersion forces that dominate the nonpolar solubility parameters estimated from infinite dilution activity coefficients or enthalpy of vaporization data. This means that although the solubility parameters used in this work are not able to completely describe PhILs' amphiphilic character (which is responsible for their unique dissolution capacities), they permit one to infer about Ph-DCA or Ph-Tf 2 N interactions with PVC if it is assumed that those are mainly governed by polar interactions.
With this restriction in mind it is nevertheless interesting to point out that the slightly higher solubility parameter obtained for Ph-DCA can be associated with a higher hydrogen bond accepting ability of the anion (the β Kamlet−Taft parameter) and consequently to stronger Ph-DCA/PVC interactions. Although this relation was previously established for imidazolium-based ILs, 39 it may be expected to also occur for the PhILs studied in the present work since the β Kamlet−Taft parameter has been shown to be dominated by the nature of the anion. 40 This hypothesis, which needs further confirmation, may help to justify the lower viscosity and larger particle sizes (see later discussion) observed for the formulations prepared with Ph-DCA and may also help in the selection of IL-based plasticizers among the large number of possibilities. It is also important to guarantee that the cohesion forces of the plasticizers must be of the same type as the cohesion forces between polymer chains. If the liquid and the polymer have the same order of cohesion energy, then the liquid will remain stable between the polymer chains and neither the polymer nor the liquid molecules will tend to self-association. 41 This can be achieved if the plasticizer presents the right polar/nonpolar ratio. In this work the nonpolar contribution is given by the phosphonium cation and the polar contribution by the dicyanamide or bis(trifluoromethylsulfonyl)imide anions. The long alkyl chains of the cation shield the polymer dipoles hampering polymer−polymer interactions while the polar anions interact with the nonpolar segments of the PVC chains which help to "anchor" the plasticizer inside the polymer structure. Table S3 , Supporting Information). d 50 of the plastisols formulated with CITROFOL and DINP was found to decrease when compared with d 50 values measured for the E-PVC powder (Table S2 , Supporting Information). This behavior is observed immediately after mixing (for fresh plastisols) and indicates that both plasticizers are able to destroy the aggregated PVC particles and increase the overall surface area of the polymer, which is an essential condition to enhance solvency. 9 However, each plastisol presents a distinct aging behavior, as concluded by comparison of changes in d 50 values measured for fresh and aged DINP-and CITROFOLbased plastisols which increased by ∼235% and 59%, respectively. CITROFOL-based plastisols present a constant and more tenuous increase over the entire monitoring period. These results are in agreement with the rheological behavior of the plastisols discussed before and indicate that the higher DINP−PVC affinity enhances solvency and swelling of the E-PVC particles, with a consequent increase in d 50 and in the viscosity of the DINP-based plastisol. The same tendencies were observed from the profiles of the d 90 /d 10 and relative width of the distribution (d 90 − d 10 )/d 50 ) ratios over the monitoring period which increase as result of a broader PSD. This increase is due to different mechanisms that occur simultaneously, but at different rates, such as particle deagglomeration, particle swelling, solvation, dissolution, and formation of clusters from the swollen particles. 15 These mechanisms affect the morphology of the aggregates over time and consequently their viscoelastic behavior. The profiles increased gradually up to 7 days with a faster increase up to 14 days (especially for DINP-based plastisols) which probably indicates that after this period swelling dominates over solvation.
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The results obtained for the PSD after the incorporation of PhILs into DINP-and CITROFOL-based plastisols show that each PhIL affects the morphology of the aggregates differently and that Ph-DCA is the one that induces the most significant changes (Table S3 , Supporting Information). The partial substitution of DINP and CITROFOL by Ph-DCA originates larger aggregates and with a less evident time-dependent behavior. These aggregates are significantly larger for CITROFOL-based formulations, especially for the fresh CITROFOL/Ph-DCA/15 plastisol (d 50 > 1377 μm), with the formation of PVC−plasticizer clusters. This result may indicate that Ph-DCA promotes aggregation of the partially swollen PVC particles, probably due to stronger DCA−PVC interactions as suggested previously. The presence of clusters may also justify the lowest time-dependent rheological aging profiles of the Ph-DCA substituted plastisols (mainly for CITROFOL/Ph-DCA formulations).
Finally, the stability of the clusters formed from the swollen particles was evaluated through analysis of their PSD with and without the use of ultrasound before data acquisition. In general terms, the effect of ultrasounds is more pronounced for DINPbased plastisols and after 14 days of aging, when the aggregates are larger (Table S3 , Supporting Information). These results reflect the more pronounced aging observed for these formulations (Figures 1 and 4) and indicate the formation of highly swollen E-PVC particles clusters that are destroyed by ultrasound. This effect is less noticeable for CITROFOL-based plastisols indicating the formation of stable clusters when the plasticizer is substituted by Ph-Tf 2 N.
3.3. Thermomechanical Stability of the Films Obtained from the Different Plastisols. The acetone immersion test was used to indirectly access the efficiency of the plasticizer (or plasticizer + PhIL mixtures) to solvate and swell E-PVC particles. 2, 4 Efficient solvation originates cohesive and homogeneous materials after gelation and fusion that do not dissolve when in contact with acetone. The visual aspect of the films obtained after the immersion test show that DINPand CITROFOL-based plastisols with and without PhIL (incorporated at 15% (w/w)) present good gelation (Supporting Information, Figure S1 ). However, at higher plasticizer substitution, films were fragile probably due to phase segregation with consequent migration/leaching of plasticizer and/or PhIL from the film. Therefore, thermomechanical analyses of the films were performed only for films formulated without PhIL or with Phil incorporated at 15% (w/w).
Thermogravimetric analysis was used to evaluate the thermal stability of the prepared samples at 210°C which is the temperature used for plastisol gelation and fusion. One of the main advantages of using PhILs to substitute conventional plasticizers (at least partially) is due to their high thermal stability, which avoids degradation and/or volatilization during processing and ensures long-term stability while in usage. The thermal stability of Ph-DCA, Ph-Tf 2 N, and DINP was previously reported to be equal to 399.3, 401.6, and 304.3°C
, respectively (in terms of their peak temperatures (T peak ) obtained from the first derivative (DTG) of the weight loss vs temperature profiles measured by TGA). 30 In this work, the T peak measured for pure CITROFOL was 294.8°C which confirms that both PhILs present higher thermal stability than the tested conventional plasticizers.
The temperature-dependent weight loss profiles measured for selected films obtained from fresh plastisols are shown in Figure 4 and compared with that of neat E-PVC. The thermal stability of all the plasticized samples (with and without ILs) was lower than that of nonplasticized E-PVC, as reflected by the decrease in the films' thermal stability at 210°C and at T peak (Table 2 ). This is a common behavior that is compensated for by the use of thermal stabilizers, which were not used in this work to better access the effect of the plasticizers and of the PhILs on the properties of E-PVC. The weight loss profiles of films plasticized only with DINP or CITROFOL present typical two weight-loss steps usually reported for PVC and which correspond to dehydrochlorination with the formation of polyene (between 200 and 300°C) and chain C−C scission (between 350 and 450°C), respectively. 42 The T peak of the first step occurs around 270 and 293°C for DINP-and CITROFOL-based films, respectively, while the T peak of the second step occurs around 450°C in both cases. Moreover the weight loss of the films at 210°C is lower when CITROFOL is used as plasticizer. These results indicate that E-PVC films plasticized with CITROFOL present higher thermal stability than those plasticized with DINP. The effect of PhILs on the thermal stability of the films is clearly dependent on the PhIL type or, more particularly, on the PhIL anion type since both PhILs have the same cation. As can be also seen in Figure 4 and Table 2 , the incorporation of Ph-DCA significantly decreases the T peak of both DINP (decreases 25°C) and CITROFOLbased films (decreases 28°C) as well as the films' thermal stability at 210°C with weight losses that range from 15% (CITROFOL/Ph-DCA/15) to 18% (DINP/Ph-DCA/15). Moreover, and for this PhIL, an intermediate degradation step appears around 380°C. These results seem to indicate that heating may destabilize the plasticizer/Ph-DCA mixture and/or promote deswelling of the mixture from the E-PVC particles, leaving them exposed to thermal degradation. Moreover, the higher electronegativity of the dicyanamide anion (Ph-DCA), when compared to Ph-Tf 2 N, may induce dehydrochlorination through a mechanism similar to that previously reported for chloride imidazolium based ILs. 43 On the contrary, and as shown in Table 2 , the incorporation of Ph-Tf 2 N generally maintains or slightly increases (in the case of DINP/Ph-Tf 2 N/ 30) the thermal stability of the processed films (considering changes in both T peak and weight losses at 210°C). Moreover the thermogravimetric profile is maintained (compared to that of films prepared without IL) although the new profiles present lower weight losses in the temperature range between 300 and 450°C. The higher thermal stability of the anion bis-(trifluoromethylsulfonyl)imide and its advantages to maintain or to enhance the thermal stability of suspension-based PVC films have been previously reported in the literature 30 and are further confirmed in the present work for an emulsion-based PVC.
The influence of plastisol aging on the thermal stability of the films is also presented in Table 2 . As can be seen, aging delays T peak and decreases weight losses at 210°C which means that aging improves the thermal stability of films prepared with or without PhILs. These results are in agreement with rheological data previously discussed and show that aging enhances E-PVC particles solvency (and swelling) by the plasticizer (or plasticizer + PhIL mixture), with a consequent positive effect on the thermal stability of the films obtained from those plastisols. This effect is particularly evident for the plastisol formulated only with DINP, which showed a marked time- dependent rheological behavior and the most pronounced increase in the thermal stability of the resultant film after aging (T peak increases by 18°C). Similar tendencies were observed for all of the other films although to a lower extent, most probably due to the higher stability of the corresponding plastisols.
When proposing the use of alternative plasticizers, it is important to guarantee that they are able to maintain, or rather to improve, the thermomechanical properties of the final materials. The plasticizing efficiencies of the employed plasticizers and plasticizer + PhIL mixtures were evaluated by DMTA, and the results are presented in Table 2 . T g of the films was taken at the maximum of the damping factor curve (tan δ), as usually reported in the literature, but also at the maximum of the loss modulus (E″), due to its practical interest for industrial applications, since at this temperature the change from the vitreous to the rubbery state is more accentuated. The profiles obtained in the temperature range between −80 and 25°C and shown in Figure 5 for DINP-based (Figure 5a ) and CITROFOL-based (Figure 5b ) films. Results show that CITROFOL has higher plasticizing capacity (compared to DINP) since it originates films with lower T g (T g decreases by 6 and 3°C in terms of maximum of E″ and tan δ, respectively) and significantly lower storage modulus, E′ (∼95% lower than for DINP, at −50°C). The behavior observed for CITROFOLbased films may be due to lower incorporation of this plasticizer into the E-PVC particles (lower increase in viscosity over time) which probably led to partial gelation without compromising the mechanical properties of the films. The incorporation of both PhILs into the PVC−plasticizer systems significantly improved the plasticizing capacity of DINP, and this effect is particularly evident when using PhTf 2 N for which a significant decrease (up to 87% at −50°C) in E′ is observed, mainly at lower temperatures (below 0°C, as shown in Table 2 ). However, this effect is not noticed when comparing T g values. This is because T g is defined as the ratio between the dynamic loss modulus E″ (representing the viscous portion) and the dynamic storage modulus E′ (representing the elastic portion), and both were found to decrease as shown in Table 2 . The enhancement of the thermomechanical properties of the films at negative temperatures is a relevant and interesting result for upholstery manufacturers which are required to test their products according to restrict standards that include performance and resistance testing at negative temperatures (below −10°C). Those performance tests are required to avoid cracking and damage of the material when used at extreme temperature conditions. Therefore, PhIL incorporation seems to be advantageous at those harsher conditions due to their broad liquid range (low melting and high boiling points) in which they perform better when other conventional solvents/additives start to fail.
The better plasticizing performance of Ph-Tf 2 N when compared to Ph-DCA can be explained based on the chemical nature of the anions and on the interaction that they may establish with the PVC chains (as discussed earlier). The differences in the molecular weights of the anions (280.15 g/ mol for bis(trifluoromethylsulfonate) imide compared to 67.05 g/mol for dicyanamide) as well as their different polarizability, and hydrogen-bonding capacities, 39 may justify the differences observed in their plasticization efficiency. More studies on the PVC−ionic liquids interactions are needed in order to deeply understand the observed results.
The effect of plastisol aging (after 14 storage days) on the thermomechanical properties of the films is also given in Table  2 and represented in Figure 5 . Results show that aging has a huge impact on the storage modulus of DINP and DINP/Ph-DCA/15 samples, which decreases by ∼80% and ∼60%, respectively (at −50°C) while it increases for the DINP/PhTf 2 N/15 sample (∼30%). This effect is not reflected in the T g values of the DINP-based films (which actually increase after aging), because, as mentioned, T g values also depend on changes in the loss modulus of the films. On the contrary, aging leads to an increase in E′ of CITROFOL-based films according to the following sequence: CITROFOL < CITROFOL/PhTf 2 N/15 ≪ CITROFOL/Ph-DCA/15. T g values also increase for all of the samples (Table 2 ). In this case aging led to a decrease in the flexibility of the films probably due to partial volatility and diffusion of CITROFOL throughout the polymer matrix as well as a possible partial hydrolysis of CITROFOL over time. 44 The results obtained for plastisols formulated only with DINP or CITROFOL are in agreement with rheological aging profiles previously discussed. In fact, DINP-based plastisols need more time to ensure efficient swelling of the E-PVC particles which is an essential condition to promote good gelation and obtain flexible materials with the envisaged thermomechanical properties. However, no clear tendency between the rheological profiles and the thermomechanical results was observed for plastisols formulated with PhILs. These results seem to indicate that, in these cases, PVC particles' solvation and swelling are not the only factors controlling the gelation process which may also depend on specific PVC−plasticizer−PhIL interactions.
CONCLUSION
The results obtained in this work demonstrated that it is possible to partially substitute conventional PVC plasticizers, such as DINP and CITROFOL, by phosphonium-based ILs (trihexyl(tetradecyl) phosphonium dicyanamide, Ph-DCA) and trihexyl(tetradecyl) phosphonium bis(trifluoromethylsulfonyl)-imide, Ph-Tf 2 N) and obtain thermally stable and flexible films. The incorporation of both PhILs significantly affected the rheological behavior of the plastisols and their particle size distributions with aging, this effect being more pronounced for formulations prepared with Ph-DCA. These results were discussed in terms of probable stronger Ph-DCA/PVC interactions as confirmed by the lower mixing enthalpies calculated for systems with Ph-DCA.
Plastisol aging had an important impact on the thermomechanical properties of PVC films plasticized only with DINP; however no significant improvements were observed for all of the other studied plastisols. This means that, from a practical point of view, the incorporation of PhILs may avoid plastisols storage that otherwise would be necessary to stabilize the plastisol and guarantee efficient plasticization (enhanced thermomechanical properties). When comparing both PhILs, it was shown that Ph-Tf 2 N enhanced the thermal stability of the films at processing temperatures (∼210°C) and the flexibility of the films (decrease in the storage modulus) at negative temperatures. This is a relevant achievement in order to avoid cracking or damage of the plasticized materials when they are envisaged to perform at harsher environmental conditions. Therefore, this work permitted the conclusion that phosphonium trihexyl(tetradecyl) bis(trifluoromethylsulfonyl)-imide represents a viable nonphthalate plasticizer alternative to partially substitute DINP or CITROFOL in E-PVC plasticization with improved thermal stability and thermomechanical properties.
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